Introduction
Over the last two decades, organic p-conjugated materials, particularly p-conjugated polymers, have become an important research topic in the eld of functional polymers, and have been employed in several elds such as in sensors, 1,2 light-emitting diodes, 3 optical displays, 4 electrochromic windows, 5 photodetectors, 6 transistors, 7 molecular electronics 8 and energy applications. [9] [10] [11] Among the various type of p-conjugated polymers, p-conjugated systems with a low band gap have attracted special attention due to their electrical, optical and photoelectric characteristics, and they have found important applications in the elds of photovoltaic and optoelectronic devices. 12 Usually, the synthesis of a low band gap structure of p-conjugated polymers requires the introduction of electronwithdrawing and electron-releasing units to the polymer chain, 11 where the electron-releasing units serve as electron donors, whereas the electron-withdrawing units serve as electron acceptors. [13] [14] [15] When the polymer forms a "donor-acceptordonor" type structure (D-A-D type), the electron donors and electron acceptors form massive p-bonds, which can enhance the intramolecular charge transfer and form a zwitterionic resonance structure. Furthermore, in p-conjugated polymers, the donor units are connected with the acceptor units and this enhances the property of the double bonds. The enhancement of the double bonds broadens the material's valence bands and conduction bands; this can effectively reduce the energy gap, and thus this unique structure displays excellent optoelectronic properties.
16,17
The pyridazine unit is one of the strongest electronwithdrawing units because it contains two electronwithdrawing imine nitrogens (-C]N-) in the structure. 18 Furthermore, the lack of electrical characteristics of the pyridazine unit can reduce the minimum energy of the orbital energy level to effectively decrease the bandwidth of the polymer when the unit is combined with an electron-releasing unit.
19
Among the electron-releasing units, 3,4-ethylenedioxythiophene (EDOT) is a major example of a thiophene derivative and can add interesting optoelectrical properties to the resulting polymer.
20,21
Furthermore, EDOT has been universally used as a constitutional unit for several functional p-conjugated systems. Compared to the other thiophene derivatives, the higher electron-donating power of EDOT results in a stronger donoracceptor interaction and a smaller band gap. 22 Yamamoto et al. reported a p-conjugated monomer with pyridazine as the intermediate unit (electron acceptor) and thiophene as the sealing unit (electron donor), and this triplet compound was polymerized for achieving a low band gap D-A-D type conjugated polymer. They found that this type of D-A-D type conjugated polymer had the ideal charge transfer rate. 19 Moon et al. reported a donor-acceptor-donor type liquid crystal with a pyridazine core (EDOT-pyridazine-EDOT) with two peripheral long alkyl chains, and the designated D-A-D type core structure could induce a distinct liquid crystalline smectic phase due to the strong intermolecular interaction between the donor and acceptor units.
23
In addition, p-conjugated polymers with a favourable semiconductor band gap have achieved high photocatalytic activities. 24 Patil et al. studied the degradation of azo dye OG by P3HT, MEH-PPV, and Degussa P25 under UV light and found that the highest photocatalytic rate of OG was approximately 80% aer 60 min. 24 Remita et al. found that the PEDOT nanostructures possessed better photocatalytic activity than P25-TiO 2 for the degradation of MO under UV light, where the degradation efficiency reached 100% aer 15 min. 25 However, in real applications, these polymers may only achieve low photocatalytic activities because there is just 5% of UV light in visible light sources. Hou et al. reported a degradation efficiency of RhB by a conjugated polyene catalyst under visible light of only 20% aer 160 min. 26 In principle, shortening the forbidden band width of the catalyst to visible light absorption spectrum spreading is key to improving the photocatalytic activity of the catalyst. 27 Therefore, a p-conjugated polymer with pyridazine as the intermediate unit (electron acceptor) and EDOT as the sealing unit (electron donor) with a low band gap and ideal charge transfer rate should be an ideal catalyst.
Moreover, the presence of a small amount of Fe ions in the polymer matrix is another important factor for enhancing the photocatalytic activity of the polymer. 28 When the polymer absorbs visible light, it produces an electron (e À ) that transfers to the conduction band of the Fe ions; this will lead to an enhancement in charge separation and the formation of hydroxyl and hyperoxide radicals (O 2 c À , cOH). Accordingly, a high amount of radicals (O 2 c À , cOH) leads to the polymer having a higher degradation efficiency for dyes under visible light. Furthermore, there are only a few reports in literature about the application of D-A-D type polymers in the eld of dye degradation. Herein, we prepared the donor-acceptor-donor (D-A-D) type monomer (3,6-bis(2-(3,4-ethylenedioxythiophene))pyridazine, EPE), which was then polymerized by adjusting various ratios of FeCl 3 /monomer to prepare a donor-acceptor-donor (D-A-D) type conjugated polymer: poly(EPE). Furthermore, the degradation of different types of dyes by different catalysts was explored under the simulation of visible light irradiation. In addition, the possible photocatalytic degradation mechanism of MU dye by poly(EPE) is presented herein.
Experimental

Materials
3,6-Dibromopyridazine (98%), 3,4-ethylenedioxythiophene (99%), n-butyl lithium, N-butyltin chloride (99%) and anhydrous ferric chloride were purchased from Aldrich. Pd(PPh 3 ) 4 was synthesized according to a method in the literature. 29 All the other chemicals and solvents, including methylene blue, methyl violet, methyl orange, rhodamine B, phenol, methanol, and chloroform were used as received without further purication. Fig. 2 .
Instrumentation
Liquid-phase oxidation polymerization of EPE
The simple solution oxidation polymerization process was carried out as follows: 10 mL chloroform and 0.179 g (1.1098 mmol) anhydrous ferric chloride were added to the polymerization bottle; 0.1 g (0.2774 mmol) EPE was dissolved in 10 mL chloroform solution and then slowly added into the abovementioned blend solution. Aer stirring the solution at room temperature for 12 h, a small amount of cold methanol was added to the nal product. Finally, the product was removed from the mixture by repeatedly washing with methanol and distilled water until the ltrate was colorless. The powder was dried with a freeze drier at À55 C for 24 h. The obtained polymer was noted as poly(EPE) 1 . In the same way, syntheses were carried out by adjusting the molar ratio of the oxidant/ monomer (represented by [FeCl 3 ]/[EPE]) to 8 : 1 and 12 : 1, respectively, and the resulting polymers were named as poly(EPE) 2 and poly(EPE) 3 , respectively.
Measurements of the photocatalytic activities
The dyes methylene blue (MB), methyl violet (MU), methyl orange (MO), rhodamine B (RhB) and phenol were used as the model organic pollutants for the photocatalysis experiments. In addition, the efficacy of the as-prepared catalysts was estimated by the photodegradation of dyes under simulated visible light irradiation using a 300 W xenon lamp. Herein, 4 mg of samples was dispersed in 100 mL quartz beakers containing 40 mL of dye. Before irradiation, the dye solution was magnetically stirred for 60 min in the dark to ensure the establishment of an adsorption/desorption equilibrium, where the concentration of dye was designated as C 0 . Then, the mixed solutions were irradiated under a 300 W xenon lamp. At given intervals of illumination, the mixed solutions were sampled and centrifuged using an 800D high speed centrifuge at 4000 rpm for 1 min to remove the samples, which were then analyzed using a Unico 4802 recording spectrophotometer. In order to further understand the photocatalytic activities of the catalysts, we also studied the different catalysts for the degradation efficiency of MU dye. Different samples of (poly(EPE) 1 , poly(EPE) 2 , poly(EPE) 3 and PEDOT) were tested the same way. In addition, in order to study the effect of Fe ions on the photocatalytic performance of the polymer, different doped states of the polymer (doped state and dedoped state) were performed in the same way as described above. Decolorization efficiencies of the dyes were estimated using the following equation:
where C 0 is the initial concentration of the MU dye and C t is the concentration at time t.
Results and discussion
3.1 FT-IR and 1 H NMR spectra . 19 The marked reduction in the relative intensities of the vibration absorption bands at 3021-3129 cm À1 , corresponding to the C-H in the pyridazine ring in the poly(EPE)s, suggests that the poly(EPE)s are partly in the doped state. 30 The bands at approximately 1496, 1442, 1396 and 1361 cm À1 are attributed to the asymmetric stretching vibration of C]C and the stretching vibration of C-C in the ring, respectively. The 1238 and 1076 cm À1 bands are assigned to the presence of n(C-O-C) in the ethylenedioxy group. There are also C-S-C characteristic stretching vibrations bands at 918, 848 and 690 cm À1 in the thiophene ring.
31-33
In addition, characteristic bands at approximately 1439 cm À1 (ring stretching vibration) and 848 cm À1 (C-H out-of-plane vibration) are due to a,a 0 -coupled thiophene rings. A n(C]N) peak appears at about 1573 cm À1 , which is a characteristic of the pyridazine unit. 34 According to the previous report, the intensity ratios (I sym /I asym ) of the bands at 1438-1442 cm À1 compared to the bands at 1489-1494 cm
À1
are indicative of the conjugated length. 35 To compare with Fig. 2(a) . As depicted in Fig. 2(b) , poly(EPE) 1 displays the characteristics of two aromatic rings signal at $d 8.1 and 6.8, which are attributed to protons from the pyridazine and thiophene rings, respectively. Furthermore, the aliphatic peaks at $d 4.3 and 4.4 are ascribed to the O-CH 2 protons of the O-CH 2 -CH 2 -O band.
36
Except for the characteristic signals for the polymer, the peaks in the range of d 1.5-0.7 are assigned to the alkyl groups of some impurities in the polymer matrix. In order to understand the molecular weight of the polymers, GPC was performed on the samples. The presence of hydrogen atoms at the a-position of the polymer indicates the low molecular weight of the soluble fractions of the polymer, which was further evidenced by the gel permeation chromatography measured results. As shown in Table 1 , the weight-average molecular weights (M w ) of the poly(EPE)s were in the range from 2902 to 3955. However, all the polymers possessed a rather low molecular weight with low solubility as the molecular structures of the polymers do not have alkyl chains, while the backbone of the polymers possess conjugate structures, which together lead to a low solubility and high rigidity. 37 Furthermore, most of the soluble parts come from the oligomer of the polymers, and the lower molecular weights of the poly(EPE)s are probably ascribable to the increased stability of the radical cations formed from EDOT, which slows the polymerization rate and leads to low molecular weight polymers. 
Ultraviolet-visible absorption spectra
The UV-vis absorption spectra of the EPE and poly(EPE)s recorded in N-methyl-2-pyrrolidinone (NMP) solvent are displayed in Fig. 3 . As depicted in Fig. 3 , EPE shows a peak at 356 nm, assigned to the p-p* transition of the EDOT and 2 and poly(EPE) 3 , implying that a higher content of oxidant in the reaction medium leads to a higher conjugation length in the polymer chains.
Furthermore, the intensity ratio of the absorption band at 484 nm to the band at 375 nm is the highest in the case of poly(EPE) 3 2 , an upward trend is observed in the spectrum of poly(EPE) 3 from 600 to 900 nm, which is a feature typically seen in the partially doped state of polymer chains. 40 Therefore, it can be concluded that poly(EPE) 2 has a higher doping level than poly(EPE) 3 . Furthermore, the optical band gaps (E opt g ) for poly(EPE) 1 , poly(EPE) 2 and poly(EPE) 3 were determined to be 2.25 eV, 2.06 eV and 2.04 eV, respectively, from their solution absorption edges (l onset ) ( Table 2 ).
Thermal stability
Heat resistance is an important feature to measure the quality of the polymer to adapt to the environment. Thermogravimetric analysis (TGA) was utilized to evaluate the thermal properties of the resulting polymers. Fig. 4 shows the TGA curves analyses of the poly(EPE)s and reveals that all the polymers lost 5% of their weight at about 236-253 C under an argon atmosphere. In addition, poly(EPE)s gave a high residue at 900 C, of [34] [35] [36] [37] [38] [39] wt%, indicating that the poly(EPE)s have good thermal stability. The poly(EPE)s exhibited three important weight loss steps. The initial weight loss of less than 5% is attributed to the evaporation of solvents, moisture, and oligomers of EPE. The second step, from 236-253 C to 420-425 C, may be due to the loss of the pendant ethylenedioxyl chain and decomposition of the polymer framework. The last step, occurring from 420-425 C to 900 C is attributed to the loss from thermal destruction of the polymer framework. A comparison study indicated that the initial 5% weight loss temperature of poly(EPE) 2 was higher than that for others, and the residue at 900 C for poly(EPE) 2 was also higher than that for the others. Based on the above discussion, the higher initial 5% weight loss temperature of poly(EPE) 2 suggests that the amount of oligomers for EPE in the poly(EPE) 2 matrix is lower than that of the others. This phenomenon can be a result of the longer conjugated length of this matrix than that of the others. In addition, the high content of oxidant (initiator) favours chain propagation, which can result in longer polymer chains, consequently increasing the conjugation length. 41 Therefore, according to the results of the FT-IR and UV-vis studies, the lower residue at 900 C for poly(EPE) 1 than for the others may be due to the lower conjugation length in poly(EPE) 1 .
XRD structural analysis
Fig . 5 shows the XRD patterns of the poly(EPE)s. As shown in Fig. 5 , all the polymers display a rather broad diffraction peak with a low intensity at approximately 2q ¼ 24 due to the intermolecular internal p / p* stacking or the (020) reec-tion. Compared with that of poly(EPE) 1 , the other two poly(-EPE)s display diffraction peaks between $2q ¼ 10 and 13 , which can be assigned to the (200) reection. All these diffraction peaks are similar to the characteristic diffraction peak of PEDOT; this indicates the existence of a crystalline phase. 42 Therefore, it can be concluded that poly(EPE) 1 is more amorphous than the others. Moreover, the sharp diffraction peaks at 2q ¼ 33 , 35 , 49 and 54 with low intensity are present in all the polymers, which could be attributed to the existence of the doping agent FeCl 4À . According to the related literature reports, the synthesized polymers are in a partially doped state using FeCl 3 as an oxidizing agent for the oxidative polymerization of thiophene, and the FeCl 4À ion is most likely the counter anion from the FeCl 3 doping into the polymer structure.
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3.5 Energy-dispersive X-ray spectroscopy 3 > poly(EPE) 1 . In addition, based on the results of the UV-vis study, compared with that of poly(EPE) 2 , an upward trend is observed in the spectrum of the other two from 600 to 900 nm, which is a feature typically seen in the partially doped state of the polymer chains. 40 Therefore, it can be concluded that poly(EPE) 2 has the highest doping level. Comparisons showed that the EDX results are consistent with the UV-vis results.
Morphology
The morphologies of the polymers were investigated by scanning electron microscopy (SEM). Fig. 7 displays different morphologies present in the various oxidant/monomer molar ratios. As shown in Fig. 7 , the morphology of poly(EPE) 1 shows an irregular coral shape, having tentacles extending in a random fashion, accompanied with the accumulation of a large number of particles. Moreover, with the increase in concentration of the oxidant (initiator), poly(EPE) has a more regular coral-like morphology, with low accumulated particles. Furthermore, the tentacles have the tendency to adhere to each other with the increase in the oxidant (initiator), particularly in the case of poly(EPE) 3 . The possible reasons for such morphologies appearing in the poly(EPE)s may be correlated with the structural properties of EPE and the proportion of FeCl 3 /EPE. EDOT units in the triplet unit can immobilize the conjugated chain segment by intramolecular covalent bond interaction and by the strong electrontransport effect of EDOT in EPE, and this synergism of EDOT will cause the polymers structure to have a more regular and rigid structure. 45 Moreover, as the concentration of the oxidant (initiator) increases, the internal diffusion rate of the monomer decreases, and the induction time of polymerization could be shortened. Furthermore, based on the previous report, when the polymerization time elongates, the EDOT units containing the monomer, which newly form nano-briform oligomers, serve as a so template to form the nano-briform structures.
19 Therefore, according to the abovementioned inference, the poly(EPE) from [FeCl 3 ]/[EPE] ¼ 4 : 1 forms the irregular coral-like shape mostly as a result of crooked nanobers growing together. As the content of the oxidant (initiator) increases, the concentration of the monomer and the newly formed nano-briform oligomers is relatively reduced. As for the poly(EPE) 2 , the branches of neighboring corals will link together to cause a shape of hybrid tentacles with particles, whereby the clusters of coral-like morphology of poly(EPE) 3 will be conducive to this formation. 
Photocatalytic activity
Organic dyestuffs containing methyl blue (MB), methyl violet (MU), methyl orange (MO), rhodamine B (RhB) and phenol dyes have been widely applied in textile industries, but they raise concerns as they are toxic to aquatic life and create serious pollution to the environment. In this study, MB, MU, MO, RhB and phenol were used as model organic pollutants to demonstrate the effectiveness of poly(EPE) 2 under a 300 W xenon lamp.
In addition, comparative experiments were conducted on MU solution with the presence of different catalysts and poly(EPE) 2 in different doping states. Fig. 8(a) displays the time-dependent absorption spectra of MU dye degraded by different catalysts and without a catalyst.
The concentration of the dye shows a different degree of reduction in the presence of PEDOT, poly(EPE) 1 , poly(EPE) 2 and poly(EPE) 3 catalysts for 300 min under a xenon lamp, with the photodegradation rate being 11.54%, 53.7%, 95.53% and Fig. 8(b) , and it can be seen that in the presence of poly(EPE) 2 , the photodegradation rate for MB, MU, MO, RhB and phenol is 97.88%, 95.53%, 30.93%, 78.73% and 3.63% in 300 min, respectively, which indicates that the photocatalyst is selective to degrading different dyes. Furthermore, the photocatalytic performance of poly(EPE) was compared to that of the other catalysts for the photodegradation of MO, RhB and MB and so on, and the results are shown in Table 3 . [46] [47] [48] [49] [50] [51] [52] [53] [54] The results indicate that, in comparison to the others, the D-A-D type polymer is an efficient photocatalyst. In addition, Fig. 8(c) illustrates the photocatalytic degradation of MU dye with simulated visible light, in the presence of Fe-doped poly(EPE) 2 and Fe-dedoped poly(EPE) 2 . As shown in Fig. 8(c) , the decomposition efficiency of the MU dye in the presence of Fe-doped poly(EPE) 2 is 95.53% in 300 min, and for Fe-dedoped poly(EPE) 2 , under the same simulated visible light irradiation, only about 30.17% of the MU dye is decomposed within the same time. This result shows that the Fe ions as oxidants play a very major role in improving the degradation efficiency of the MU dye.
Postulated mechanism
Based on the results from the EDX spectra of the doped polymers (Fig. 6 ) and dedoped polymers (Fig. 9) , the percentage of Fe ions for the doped poly(EPE) 2 and dedoped poly(EPE) 2 are in the order of: doped poly(EPE) 2 > dedoped poly(EPE) 2 . This phenomenon further indicates that the degradation efficiency of MU dye by dedoped polymers is lower than that of the doped polymers. As it has already been reported, a small number of Fe ions can narrow the band gap of the polymer and postpone the electron-hole pair recombination over time, which would be benecial to an improvement in the photocatalytic activity of the polymer. 55, 56 Therefore, it can be concluded that a higher percentage of Fe ions in the polymer can lead to a more efficient photodegradation of MU dye, and that the Fe ions in the polymer matrix play a major role in improving the degradation efficiency of the MU dye.
A schematic of MU dye decomposition is depicted in Fig. 10 . If the electrons and holes cannot be timely captured, they will restructure together in a very short period of time, which will reduce the photocatalytic activity of polymers. However, for doping Fe ions in the polymers, the presence of a small amount of Fe ions in the structure means Fe ions can come not only into an electron capture position but also a hole capture position, which can cause a decrease in the electronhole pair recombination. Then, when the polymers are illuminated with simulated visible light, both Fe ions and polymers absorb the photons at their interface, and then charge 
Conclusion
In this study, a D-A-D type monomer, namely EPE combining ethylenedioxythiophene donor units with a pyridazine acceptor unit was prepared. In addition, a D-A-D type conjugated polymer, namely poly(EPE), was prepared by adjusting the ratios of FeCl 3 /monomer. The results of a structural analysis indicated that an increase in the content of the oxidant (initiator) in the reaction medium could lead to an increase in the formation of oligomers. However, it also favours the chain propagation, which could increase the conjugation length. As a result, the poly(EPE)s from FeCl 3 /monomer ratios of 8 : 1 and 12 : 1 displayed a higher conjugation length, thermal stability, doping level and crystallinity than the poly(EPE) from the FeCl 3 / monomer ratio of 4 : 1. The results also showed that the morphology of the polymers could be affected by the ratios of FeCl 3 to the monomer. The poly(EPE) 2 showed a good selectivity for the degradation of different dyes under a xenon lamp. In addition, studies on the photocatalytic degradation of MU dye displayed that poly(EPE) 2 was an effective photocatalyst. However, in the presence of PEDOT, the degradation rate was only 13.04%. Furthermore, the presence of Fe ions in the polymer matrix was the main factor for enhancing the photocatalytic activity of poly(EPE). The presence of Fe ions in the catalyst structure increased the number of active sites on the grid. Among the poly(EPE)s with the highest doping level and crystallinity as well as effective conjugation length, the polymer from the FeCl 3 /monomer ratio of 8 : 1 displayed a higher photocatalytic activity in the light source illumination. In summary, this study indicated the feasible and potential use of a new D-A-D type of polymer as a new class of photocatalyst in the photocatalytic degradation of organic dye waste waters, and it enriches the knowledge of the photocatalytic behavior of such polymers.
